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Introduction
Formaldehyde has a rich chemistry in the atmosphere, where it occurs as an intermediate species in the oxidation of alkanes and alkenes, nitric oxide, and dimethyl sulphoxide [1] . The photolysis of formaldehyde, H 2 CO: H 2 CO + hν → H + HCO and the subsequent formation of the hydroperoxyl radical, HO 2 , in the presence of oxygen: play a key role in oxidation chain reactions. The importance of these reactions has encouraged efforts to improve the spectroscopic data on H 2 CO and HO 2 for use in field studies and laboratory experiments [2] [3] [4] [5] [6] [7] [8] .
Various spectroscopic methods have been employed to measure the gas-phase absorption spectrum of H 2 CO. To increase the sensitivity of the measurement, either a multipass cell, or cavity-enhanced spectroscopic methods such as cavity ring-down spectroscopy (CRDS) and cavity enhanced absorption spectroscopy (CEAS) [9, 10] , have typically been used. Barry et al. reported the 2ν 5 overtone band (around 5676 cm −1 ) using CEAS [2] , and have shown that the results from CEAS closely match those from CRDS [11] . For applying absorption spectroscopy to trace measurements of H 2 CO, the stronger fundamental vibration bands have usually been used. For instance, Fried and co-workers used a tunable diode laser spectrometer (TDLAS) system to carry out airborne measurements of H 2 CO using the 2831 cm −1 absorption line [3] . They demonstrated a detection limit of 55 ppt with an integration time of 20 s. Dahnke et al. have achieved a 2 ppb sensitivity to H 2 CO with cavity leak-out spectroscopy at 2853 cm −1 [8] .
In this paper we report the H 2 CO absorption spectrum from 6547 to 6804 cm −1 . The H 2 CO molecule has C 2v symmetry and six normal modes (Table 1) , with several combination bands between 6500 and 6830 cm −1 (Table 2 ). These transitions have been observed with a 1 cm −1 resolution by Bouwens et al. in a jet experiment using dispersed fluorescence spectroscopy from a number of vibrational bands in the S 1 excited state [13] . The H 2 CO combination bands consist of three to five normal modes. A sensitive spectroscopic technique is therefore necessary to measure the absorption of these combination bands' rovibrational lines. In this work we used CEAS to record the H 2 CO spectrum.
Although the weak H 2 CO absorption lines from 6547 to 6804 cm −1 are not Table 2 Combination bands between 6500 and 6830 cm −1 from the dispersed fluorescence spectra of Bouwens et al. [13] . Tentatively identified combination bands observed in our spectrum are indicated with asterisks. . The integrated cross-sections of these lines are also reported.
Experimental
CEAS is based on measuring the intensity of light transmitted through a high finesse optical cavity as a function of wavelength [10, 14] . In comparison, in CRDS the decay time of light in an optically stable resonator is the desired parameter. For small losses per pass, the absorption coefficient, α, of the sam- , and through the sample cavity to give the cavity-enhanced absorption (CEA) signal. Before the sample cavity, small fractions of the beam intensity are split off to record the relative power and to calibrate the wavelength scale.
ple is adequately described by [15] :
where d is the cavity length, R is the mirror reflectivity, and I and I 0 are, respectively, the intensity transmitted through the cavity with and without a sample present. CEAS is (1 − R)
times more sensitive than a single-pass absorption method assuming that the achievable signal-to-noise ratio remains the same for both approaches [16] . CEAS does not yield absorption crosssections directly; the wavelength-dependent mirror reflectivities must be either known or calibrated against a spectrum of known absorption cross-section.
Our experimental setup is shown schematically in Fig. 1 . The light source was a temperature-stabilized external cavity diode laser (Sacher Lasertechnik, TEC 500) in a Littman configuration. The laser power was ≈3 mW and the bandwidth was ∼1 MHz. The total tuning range of the system was between 6547 and 6804 cm −1 (corresponding to 1527 and 1470 nm). The spectrum we present here covers this entire spectral range, except for two gaps near the red edge of the range (from 6549.7 to 6551.3 cm A key consideration in CEAS is to minimize the influence of the cavity's mode structure on the wavelength-dependent intensity of the transmitted light. This is achieved by continuously modulating the cavity length in order to shift the mode structure between sweeps. A ring-shaped piezoelectric transducer attached to the cavity's exit mirror was used for this purpose. We also adopted an off-axis configuration in order to excite a large number of high order transverse modes [17] . The laser was scanned at a rapid rate of 6 MHz µs
), which was significantly larger than the ratio of the cavity mode linewidth to the ring-down time (0.3 MHz µs −1 for the TEM 00 mode). Consequently, the light intensity in a given mode was far away from saturation. These strategies avoided the build up of significant light in any single cavity mode. The transmitted intensity per frequency interval (which is determined by the integration time) is then averaged over the number of sweeps per measurement. Discrete cavity modes were not observed in the transmitted light.
Small fractions of the beam intensity were split off before the cavity to calibrate the wavenumber scale and to measure the laser power. For the wavenumber calibration, the spectrum of NH 3 was recorded by passing a beam through a 60 cm cell filled with NH 3 at 10 mbar. Absorption peaks were matched to the NH 3 spectrum reported by Lundsberg-Nielsen et al. [18] . The spectral density of NH 3 lines is high enough over the entire spectrum presented here in order to obtain several absolute wavenumbers per spectral segment. To compensate for small deviations from linearly scanning the laser over a ∼2 cm −1 spectral segment, the relative wavenumber spacing was also determined from a FabryPerot etalon with a free-spectral range of about 0.03 cm
. We estimate the uncertainty in our wavenumber scale to be approximately 0.001 cm −1 [19] . The etalon also served to identify mode-hops within the laser scanning range. When mode-hops were observed, the temperature of the laser diode was adjusted until the scanning region was mode-hop free. A third beam was used to normalize the laser power over the tuning range. These three signals were measured with InGaAs photodiodes (Thorlabs DET410) and recorded simultaneously with the cavity-enhanced absorption signal on the digital oscilloscope (see Fig 1) .
H 2 CO was prepared by pyrolysis of paraformaldehyde (Aldrich, 95% pure) under vacuum. The gaseous H 2 CO was first passed through a cooling trap below 200 K to remove water vapour and polymerization products of H 2 CO. Water vapour catalyses the polymerization of H 2 CO. The monomeric H 2 CO was trapped and stored at 77 K under vacuum. The sample cavity was evacuated to approximately 10 −6 mbar, ensuring that it was virtually free of gaseous water. H 2 CO gas was introduced into the cavity by slowly heating the solid H 2 CO in the cooling trap with the valve to the cavity opened. When the vapour pressure of the H 2 CO reached the required value of 2 mbar the valve was closed and the solid H 2 CO was cooled again for further use. The pressure in the cavity was measured with a capacitance manometer operating in the range of 10
to 120 mbar with a precision of 0.01 mbar. With 2 mbar of H 2 CO in the sample cavity, the pressure decreased by about 0.1 mbar before stabilizing, whereas at pressures above 10 mbar the pressure dropped by 50% over a period of a few hours. Polymerization of H 2 CO therefore appears to be negligible at 2 mbar. The temperature of the system was 291 ± 2 K.
Results and Discussion

Absorption spectrum
I 0 , I, and the reflectivity spectrum of the mirrors, R, must be known to calculate the absorption coefficient of the sample with Eq. (1). Because the measurement of I 0 for every corresponding 2 cm spectral range, we adopted a pragmatic approach to estimate I 0 . In areas of the H 2 CO spectrum where no absorption occurs, the transmitted intensities with and without a sample should be the same. Therefore, an estimated I 0 was obtained from a fourthorder polynomial fit to well-spaced maxima in the spectrum of I. The absorption cross-section, σ = αN −1 , where N is the number density of the absorbing species, was calculated by using this estimated I 0 in Eq. (1).
The system was calibrated using the integrated cross-sections of H 2 O and CO 2 lines from the HITRAN database to calculate R as a function of wavelength [20] . The corresponding calibration curves in Fig. 2 show that the integrated absorption of a transition varies linearly with the pressure, as expected. Furthermore, there is a minimal offset at the lowest pressures, suggesting that our approximation for I 0 does not introduce a large systematic error. From the H 2 O and CO 2 absorption lines the mirror reflectivity, R, was determined as a function of wavelength as shown in Fig. 3 . Points with large error bars were determined from single measurements, and those with small error bars from linear regressions of pressure dependent measurements as in Fig. 2 . Because the reflectivity decreases towards the blue end of the spectrum, a second-order polynomial was fitted to (1 − R) as a function of wavelength. In the fit the [20] . The curve is a weighted second-order polynomial fit to the experimental points and was used for the reflectivity.
different uncertainties of calibration measurements were accounted for. The overall systematic error of this calibration of the wavelength-dependent reflectivity was established to be ±5%. The calculated values of R agree well with the manufacturer's specified maximum mirror reflectivity of 0.996 around 6500 cm
The individual segments of the spectrum were joined together to obtain the complete spectrum. The overlap of two typical spectral segments is shown in Fig. 4 and the general agreement between the absorption coefficients of such segments is very satisfactory. For the final spectrum, the overlap regions of adjacent spectral segments were averaged, or where one spectral segment was to be preferred for experimental reasons, the best measurement was chosen.
The overall statistical uncertainty in the H 2 CO absorption cross-section is estimated at ≈10% over most of the spectrum. However, where the laser is at its tuning limit for a given laser mode, the absorption coefficients of adjacent spectral segments show poorer agreement. In these cases, which constitute less than 3% of the entire spectral range, we estimate the uncertainty in the absorption coefficients to be ≈25%. These regions are identified in the supplementary material [21] . The signal-to-noise ratio of the spectrum is better than 500. The minimum detectable absorption of our system is approximately 1.5 × 10
with a 10 s exposure time. is shown in Fig. 5 . The multiple transitions and overlapping rovibrational combination bands produce a congested spectrum, making it difficult to assign individual absorption lines. The rotational envelopes of the fundamental modes are slightly greater than 100 cm
wide at room temperature [22] ; the width should be similar for the combination bands. Apparent rovibrational bands occur from 6590 to 6680 cm Table 2 ). However, a comprehensive spectral analysis will be necessary to deconvolute the overlapping combination bands and to assign the vibrational frequencies with precision. Such an analysis is beyond the scope of this study. The strongest absorption lines in the spectrum (those with absorption cross-sections greater than 5 × 10 transition of the 2ν 5 overtone, and over 4000 times weaker than the ν 1 C-H stretch [2] .
Pressure broadening
The pressure broadening of the 6780.871 cm −1 line in N 2 , O 2 , and H 2 CO, and of the 6684.053 cm −1 line in N 2 , was studied. For different pressures of pure H 2 CO, Voigt profiles were fitted to the absorption lines using a nonlinear least square method (Levenberg-Marquardt) [23] . From the Voigt fits the Lorentzian and Gaussian contributions to the overall FWHM were de- for the Gaussian width agreed with the laboratory temperature within the uncertainty of the Voigt fit (8 × 10
). A Voigt fit to the experimental data for H 2 CO at 2 mbar is shown in Fig. 6 . The quality of this fit was slightly affected by an adjacent absorption line; however, the resulting additional uncertainty of the FWHM was negligible. For each series of pressure dependent measurements in N 2 and O 2 the first measurement was performed with pure H 2 CO before adding the respective buffer gas. The Gaussian FWHM (0.015 cm may have an underlying additional absorption feature, which can be attributed to the small asymmetry of the line. The errors stated in the table only refer to the quality of the linear fit. Finally, no pressure shift in the peak positions was observed within our experimental uncertainty.
Summary
We have measured the formaldehyde spectrum from 6547 to 6804 cm Table   Table 2 Combination bands between 6500 and 6830 cm −1 from the dispersed fluorescence spectra of Bouwens et al. [13] . Tentatively identified combination bands observed in our spectrum are indicated with asterisks. 
